Treatment with isolated allogeneic mesenchymal cells has the potential to enhance the therapeutic effects of conventional bone marrow transplantation in patients with genetic disorders affecting mesenchymal tissues, including bone, cartilage, and muscle. To demonstrate the feasibility of mesenchymal cell therapy and to gain insight into the transplant biology of these cells, we used gene-marked, donor marrow-derived mesenchymal cells to treat six children who had undergone standard bone marrow transplantation for severe osteogenesis imperfecta. Each child received two infusions of the allogeneic cells. Five of six patients showed engraftment in one or more sites, including bone, skin, and marrow stroma, and had an acceleration of growth velocity during the first 6 mo postinfusion. This improvement ranged from 60% to 94% (median, 70%) of the predicted median values for age-and sexmatched unaffected children, compared with 0% to 40% (median, 20%) over the 6 mo immediately preceding the infusions. There was no clinically significant toxicity except for an urticarial rash in one patient just after the second infusion. Failure to detect engraftment of cells expressing the neomycin phosphotransferase marker gene suggested the potential for immune attack against therapeutic cells expressing a foreign protein. Thus, allogeneic mesenchymal cells offer feasible posttransplantation therapy for osteogenesis imperfecta and likely other disorders originating in mesenchymal precursors.
M
arrow stromal cells (MSCs) are bone marrow-derived mesenchymal progenitors that can serve as long-term precursors for the regeneration of a variety of nonhematopoietic tissues, including bone, cartilage, muscle, and possibly neural elements (1) (2) (3) (4) (5) (6) (7) (8) . Preclinical studies have suggested that unmanipulated bone marrow contains mixtures of mesenchymal progenitors, some possessing an unrestricted potential for mesenchymal differentiation with others showing commitment to one or perhaps two lineages (9) (10) (11) (12) (13) (14) . This observation, together with recent advances in the isolation, expansion, and characterization of human MSCs, has raised the possibility of improved cell-based therapy for genetic disorders of mesenchymal tissues. However, the engraftment capacity of isolated allogeneic MSCs in patients and their ability to produce objective clinical benefits remain unknown.
Osteogenesis imperfecta (OI) is a genetic disorder of mesenchymal cells characterized by defective type I collagen, the major structural protein in bone. Patients with severe OI have numerous painful fractures, progressive skeletal deformities, and retarded bone growth, resulting in short stature (15) (16) (17) . There is no cure for OI, and only one class of drugs, the bisphosphonates, has shown therapeutic potential (18) (19) (20) . We previously demonstrated the feasibility of allogeneic bone marrow transplantation (BMT) for children with severe OI (21) . In that study, functional marrow-derived mesenchymal cells engrafted and contributed to the formation of new dense bone. This improvement was associated with accelerated linear growth and increases in total body bone mineral content over 18-36 mo of clinical follow-up (22) . However, with increasing time posttransplantation, growth rates slowed and eventually reached a plateau while bone mineral content continued to increase. We hypothesized that additional therapy using isolated MSCs without marrow ablative treatment would safely boost responses seen after transplantation of unmanipulated bone marrow, providing a model for future clinical trials of MSC-based therapies. The results reported here indicate that isolated populations of donor MSCs can engraft after transplantation, differentiate to osteoblasts as well as skin fibroblasts, and produce clinical benefits attributable to the engraftment of functional mesenchymal precursors.
Methods
Patients. Six children with OI were enrolled (with parental informed consent) in a clinical study approved by the Institutional Review Board of St. Jude Children's Research Hospital, the U.S. Food and Drug Administration, and the Recombinant DNA Advisory Committee of the National Institutes of Health. Each patient had been enrolled in an earlier clinical trial evaluating allogeneic BMT for children with severe OI (22) .
Vectors. Both retroviral vector supernatants were prepared at the Vector Production Facility of Indiana University (Indianapolis, IN) by using PG13 producer cell lines. Supernatant and producer cells were certified according to current Good Manufacturing Practice (cGMP) regulations. LNc8 is a clone of the LN vector encoding the neomycin phosphotransferase gene (neo R ), whose expression is driven by the retroviral long terminal repeat (LTR; ref. 23 ). G1PLII, developed by Dunbar and colleagues (24) , encodes nonexpressing ␤-galactosidase (␤-gal) and neo R sequences that bear ATG 3 CTG mutations. marrow donors. The mononuclear cell fraction was cultured in standard medium [DMEM (Bio Whittaker) supplemented with 2 mM L-glutamine, 45 g͞ml gentamicin, and 10% heatinactivated FBS (Bio Whittaker)]. After 3 days, the medium was replaced, leaving MSCs adhering to the plastic surface of the culture dish. The cells were grown to about 80% confluence and then divided into two fractions with 1 ϫ 10 6 cells per flask placed in T162 flasks. After 1 day in culture, the MSCs were transduced for 6 h on 3 consecutive days with either LNc8 or G1PLII retroviral supernatant diluted 1:1 with medium containing 4 g͞ml protamine sulfate.
One cell fraction, designated minimally cultured cells, was harvested and infused into the patient. The other was expanded over a total of three passages, harvested, and infused into the patient as the expanded cell fraction. At the time of harvest, an aliquot of cells from each fraction was assayed for sterility, lymphohematopoietic cell (CD3 (Table 1) . Each cell preparation was suspended in 10 ml of normal saline with 5% human serum albumin. The patients received diphenhydramine, hydrocortisone, and acetaminophen before each MSC infusion. All patients were evaluated for toxicity (physical examination, complete blood count, clinical chemistry panel, urine analysis, and chest radiograph) before, and 24 h after, each infusion. They were monitored at the bedside during, and for 6 h after, each infusion.
Transduction Efficiency Assay. DNA was isolated (PureGene kit, Gentra Systems) from an aliquot of transduced MSCs at the time the cells were harvested for infusion. DNA (500 ng) was amplified with Taq polymerase, and the relevant buffers (Fisher) according to the manufacturer's instructions, with addition of 1 Ci of [␣- 32 P]dCTP (Amersham Pharmacia). The primers for neo R were: (forward) 5Ј-CAAGATGGATTGCACGCAGG-3Ј; and (reverse) 5Ј-CCCGCTCAGAAGAACTCGTC-3Ј. For ␥-globin, they were (forward) 5Ј-ACACTCGCT TCTG-GAACGTCTGAGGT-3Ј; (reverse) 5Ј-CACCTTCTTGCCAT-GTGCCT-3Ј. Amplification with the MJ Research (Cambridge, MA) DNA Engine consisted of an initial denaturation at 94°C for 4 min, followed by 30 cycles of 95°C for 1 min, 60°C for 1 min, and 72°C for 1 min, ending with a final elongation step of 5 min at 72°C. The PCR products were resolved by electrophoresis through a 7.2% polyacrylamide gel and analyzed with a PhosphorImager Storm 860 (Molecular Dynamics) and IMAGEQUANT software. Transduction efficiency was determined by comparing the signal with a standard curve.
Osteogenic Induction Assay. An aliquot of processed MSCs was maintained in culture with osteoinductive media (standard media supplemented with ascorbic acid, ␤-glycerol phosphate, and dexamethasone) for 10 days and then stained with Alizarin Red for mineral nodules, as previously described (25) .
Engraftment Analysis. Osteoblasts, marrow stromal cells, and skin fibroblasts were cultured from biopsy specimens as previously described (21) . Conditions for PCR amplification of the isolated DNA were performed as described above. Primers (forward, 5Ј-AAGCCGGTCTTGTCGATCAG-3Ј; reverse, 5Ј-GCTTGC-CAAACCTACAGGTG-3Ј) were used that span a sequence from the 3Ј neo R cassette to the 3Ј long terminal repeat (LTR), so that the G1PLII vector yields a 478-bp product and the LNc8 vector yields a 441-bp product. The level of donor MSC engraftment was estimated by comparing the PCR signal, analyzed with a PhosphorImager Storm 860 described above, with standards and adjusting the determination for the transduction efficiency of the infused MSCs.
Immune Response Assays. For the chromium ( 51 Cr) release cytotoxicity assays, we cocultured peripheral blood mononuclear cells for 5 to 6 days with irradiated, retrovirally transduced or mock-transduced donor MSCs as stimulator cells in sensitization media (RPMI medium 1640͞10% FCS͞50 mM 2-mercaptoethanol, 1 mmol sodium pyruvate, and nonessential amino acids). The ratio of mononuclear cells to marrow stromal stimulator cells was 4:1. After coculture, the nonadherent cells were harvested from the plates, washed, counted, and resuspended in fresh complete RPMI medium. Target MSCs (transduced or mock transduced) were labeled with 51 Cr, washed, and resuspended in fresh medium. After 4 h of incubation at 37°C, the supernatant was harvested and the radioactive release was measured. Maximum release of the incorporated 51 Cr was determined by Triton lysis of the MSC target cells. Spontaneous release of 51 Cr was determined from the supernatant of control target cells. Each ratio represents the results of triplicate assays. ELISA for anti-FBS antibodies was performed exactly as described by Heim et al. (24) .
Growth Evaluation. Linear growth was assessed as previously described (21, 22) . Briefly, each patient was measured from crown to heel by the same investigator (P.L.G.) 6 mo before, on the day of, and 6 mo after the first MSC infusion. Growth velocity is defined as the difference between measurements at two consecutive intervals and is reported as a percentage of the median growth velocity for age-and sex-matched healthy children (26) .
Dual Energy X-Ray Absorptiometry. Measurements of total body bone mineral content were done on a whole-body scanner with a pediatric platform (Hologic QDR 2000 Densitometer; Hologic, Waltham, MA), as described (22, 27) .
Results
Isolation, Transduction, and Analysis of Marrow Stromal Cells. Fifty milliliters of bone marrow were harvested from the four sibling donors and two unrelated donors of six children who had undergone standard BMT for OI. The adherent MSCs were divided into two fractions, which were transduced with either the G1PLII or LNc8 retroviral vector after the first passage in culture. The transduction efficiency ranged from 2% to 25% (median, 19%) for both vectors and all six patients. One fraction was infused into the patients at a dose of 10 6 cell͞kg of body weight after a minimal time in culture, whereas the other was expanded over three passages and infused at an intended dose of 5 ϫ 10 6 cells͞kg (actual median dose, 4.69 ϫ 10 6 ). The vectors used for the two fractions were alternated among the patients to avoid vector bias. Contamination of the infused cells by CD45 ϩ , CD14 ϩ , or CD3 ϩ cells generally ranged from 0% to 1.6% (median, 0.1%; Fig. 1A) , without an overall difference between the minimally cultured and expanded fractions. One exception was patient 3, whose minimally cultured cells had 7% CD14 ϩ cells. Finally, the MSCs uniformly showed osteogenic differentiation potential when cultured in osteoinductive media (standard media supplemented with ascorbic acid, ␤-glycerol phosphate, dexamethasone; Fig. 1B) .
Engraftment of Mesenchymal Cells. Between 4 and 6 weeks after the second infusion of MSCs, bone and skin biopsies and an aspirate of bone marrow were taken from each patient. Osteoblasts, skin fibroblasts, and marrow stromal cells were expanded in culture and assayed by flow cytometry for lymphohematopoietic cell contamination. DNA isolated from the cultured cells was analyzed by PCR for the presence of proviral sequences. Five of six children showed engraftment of the minimally cultured or expanded MSCs in at least one of the tissues examined (Fig. 2) . Fig. 2 . PCR analysis of engraftment. DNA isolated from osteoblasts, stromal cells, and skin fibroblasts of each patient, at 4 to 6 wk after the second cell infusion, was evaluated. DNA isolated from human cells transduced with either the G1PLII or LNc8 vector served as a positive control; normal human DNA was the negative control. Analysis of the ␥-globin gene controlled for the quality and quantity of DNA. MC and E designate whether the signal represents minimally cultured cells or expanded cells, respectively. The vectors were alternated among the patients to avoid vector bias. ND, Not determined.
Patients 2 and 4 had PCR signals indicative of the G1PLII marker (minimally cultured cells) in bone and skin and in bone and stroma, respectively. Patients 1, 3, and 5 had the G1PLII marker (expanded cells) in stroma, in bone, skin and stroma, and in bone and stroma, respectively. Patient 6 did not show engraftment of either population of MSCs in any tissue. None of the biopsy samples clearly contained sequences from the LNc8 vector, which expresses the neo R marker gene. Overall, the fraction of donor cells at any biopsy site never exceeded 1%.
Immune Response to Transduced Mesenchymal Cells. Failure to detect LNc8 proviral sequences after transplantation suggested immune recognition of MSCs expressing the neo R gene. We investigated this possibility by screening peripheral blood mononuclear cells from patients 2, 3, and 4 for evidence of cytotoxic T lymphocyte activity against the neo R protein, using a chromium release assay. Cryopreserved donor MSCs were expanded in culture and transduced with either the G1PLII or LNc8 vector (10% transduction efficiency) and tested for cytotoxic T lymphocyte-mediated lysis. At effector-to-target ratios of 10 and 20, the lymphocytes from patient 4 lysed 7% and 13% of the LNc8 transduced cells, respectively, in contrast to the lack of any appreciable lysis of G1PLII or mock transduced cells (Fig. 3) . Neither of the two remaining patients showed evidence of an anti-neo R cytotoxic T lymphocyte response. Five of six patients did not have detectable antibodies against FBS proteins after completion of the two infusions. Patient 6 showed a 150-fold increase in antibody titer after the second infusion, compared with his lack of detectable antibodies on the preinfusion assay (Fig. 4) .
Clinical Responses. During the 6 mo before MSC therapy, the median growth velocity of patients 1 through 5 was 20% of that predicted for age-and sex-matched unaffected children ( Fig. 5;  ref. 26 ). Patients 1 and 2 did not grow at all during this interval, whereas patients 3, 4, and 5 showed growth velocities of 20% to 40%. Over the first 6 mo after MSC therapy, each patient had a striking increase in growth velocity, ranging from 60% to 94% of the predicted median. There was no change in the growth velocity of patient 6 after the MSC infusions (Fig. 5) . The accelerated growth in patients 1, 2, 3, and 5 was not accompanied by increases in total body bone mineral content, measured at 3 mo after the first infusion. Patient 4 showed a substantial increase in mineralization, from 156 g to 209 g. Toxicity. Patient 6 developed an urticarial rash about 5 min after completion of the second MSC infusion. The rash rapidly resolved, without sequelae, after administration of hydrocortisone and diphenhydramine. There was no clinically significant toxicity during or after the MSC infusions among the other patients.
Discussion
Bone marrow transplantation offers curative therapy for many genetic disorders affecting the hematopoietic system (28), but its value in the treatment of nonhematopoietic genetic diseases (29, 30) has been limited. In two previous reports, we demonstrated the therapeutic potential of conventional BMT in children with severe OI (21, 22) . Although the procedure resulted in substantial gains in body length and bone mineralization, it was not curative. The hypothesis suggested by this research was that primitive mesenchymal cells in transplanted whole marrow can engraft in skeletal sites in children with OI, where they differentiate into functional osteoblasts capable of contributing normal collagen matrix to the defective bone. In the study reported here, we sought to better understand mesenchymal cell transplantation biology and augment the beneficial effects of BMT by investigating the infusion of allogeneic MSCs isolated from the patients' original donors.
The principal finding was that allogeneic bone marrowderived mesenchymal cells can engraft in bone, marrow stroma, and skin without the requirement for preparative chemotherapy and then produce clinically measurable benefits. Most striking were the 2 patients whose growth velocities after the MSC infusions were 67% and 94% of the predicted median, in contrast to their negligible linear growth during the 6 mo preceding MSC therapy. We attribute the growth acceleration in these patients and in the remaining three to the generation of normal osteoblasts from the mesenchymal cells engrafted in skeletal sites. Detection of gene-marked cells in each of these cases and the lack of potentially confounding variables, such as marrow-ablative chemotherapy, support this contention. Further support is offered by the course of patient 6. This child exhibited an urticarial reaction to the second infusion of MSCs, consistent with a systemic immune response. This patient was also the only one in whom we were unable to identify gene-marked cells in any tissue, the only one to have antifetal bovine serum antibodies, and the only one who did not show accelerated growth velocity. Although, the threshold level of donor MSC engraftment required to stimulate linear growth is unknown, the fraction of donor-derived osteoblasts in our biopsy specimens did not appear to exceed 1%. This finding suggests that low levels of MSC engraftment are adequate to produce objective clinical benefits, in agreement with our previous findings (21) .
With one exception, we did not observe an increase in total body bone mineral content at 3 mo postinfusion, a time point associated with striking improvement in mineralization when the same patients underwent conventional BMT (21, 22) . Although improved mineralization after BMT could reflect osteoclast inhibition because of the marrow ablative chemotherapy, continued posttransplantation increases in this measure after restoration of osteoclast activity (22) suggest a beneficial effect from the transplanted whole marrow that is not available from infusions of isolated donor MSCs. Alternatively, the follow-up times in this study were relatively short (3 to 6 mo), so that delayed increases in bone mineralization cannot be ruled out. Whatever the explanation, this finding strengthens our hypothesis that the mechanisms governing linear growth and bone mineralization are quite distinct. It also suggests that, if mesenchymal cell infusions are to be used as therapy without BMT, it may be necessary to include other treatments, perhaps bisphosphonate therapy or a yet-to-be defined modality, to ensure acceptable rates of bone mineralization during increases in body size.
Surprisingly, LNc8-transduced cells could not be detected in these patients, prompting screening studies to identify neo Rspecific cytotoxic T lymphocyte populations. Among the samples tested, only those representing patient 4 elicited an anti-neo R response. However, peripheral blood mononuclear cells were collected at 6-9 mo postinfusion for patients 2 and 3, which may have limited our ability to detect low frequency cytotoxic T lymphocyte precursors with the relatively insensitive chromium release assay. The absence of LNc8 sequences in tissue biopsy specimens from the five patients and the cytotoxic T lymphocyte response demonstrated for patient 4 could have important implications for future gene therapy͞marking trials with MSCs. In contrast to results for the neo R -expressing cells, there was no indication of an in vitro cytotoxic T lymphocyte response against mock-transduced cells or those transduced with the G1PLII retroviral vector, which does not express a foreign antigen. Moreover, none of the patients had clinical symptoms indicating an autoimmune response against the marrow microenvironment that could eventually manifest as a bone marrow failure syndrome. We conclude that donor MSCs can be safely used as therapeutic agents after BMT. If, however, such cells are to be exploited as vehicles for the delivery of therapeutic proteins, the expressed protein must be recognized by the patient's immune system as ''self.'' Expression of a foreign protein, such as neo R , may render the cells vulnerable to immune attack.
Despite the therapeutic potential of ex vivo expanded MSCs, results of a recent in vitro study raise the possibility that prolonged culturing will compromise the engraftment and differentiation capacity of such cells (31) . The stronger PCR signals in bone specimens from patients 2 and 4 (engraftment of gene-marked minimally cultured cells) compared with those in samples from patients 1, 3, and 5 (engraftment of gene-marked ex vivo expanded cells) support this concern. Thus, it will be important to consider alternative forms of cell therapy in which the mesenchymal progenitors have increased potential to generate large quantities of osteoblasts long term. One promising candidate is the small rapidly self-renewing (RS) cells described by Colter et al. (32) . These small, round, rapidly cycling adherent marrow progenitors can theoretically produce over 1 ϫ 10 13 MSCs from 20 ml of bone marrow. A second candidate is the CD34 low/neg hematopoietic stem cell, first identified by Goodell et al. (33) within a murine bone marrow ''side population'' stained with the vital dye Hoechst 33342, and subsequently found in humans (34) . These so-called SP cells have strong reconstituting ability and remarkable plasticity in terms of regenerating nonhematopoietic tissues (M. A. Goodell, personal communication). Thus, if more immature mesenchymal progenitors, or perhaps true pluripotent stem cells, can be substituted for marrow stromal cells, it may be possible to overcome the problem of low-level engraftment and limited therapeutic effects currently associated with allogeneic MSC transplantation.
Gene-marked cells were found in skin biopsies from two of our patients. Although MSCs may have lodged in dermal capillaries and persisted in an undifferentiated state, we interpret these data to suggest that the infused MSC populations contained either rare pluripotent stem cells able to differentiate in ectodermal pathways or mesenchymal progenitors capable of crossing embryonic germ layer barriers and differentiating to skin fibroblasts. If the latter interpretation holds, our finding would be the first to demonstrate MSC differentiation across the embryonic germ layers in humans Infusions of bone marrow-derived stromal cells are under active investigation as a means to facilitate hematopoietic stem cell engraftment (35) and as therapy for children with metabolic storage disorders (36) . The data presented here indicate that allogeneic MSCs can be safely administered to children with severe OI, will engraft in genetically defective bone, and will differentiate to osteoblasts capable of extending the clinical benefits of BMT. These properties could be exploited in the development of new therapeutic approaches to other genetic or acquired disorders. Still required, however, are methods that will promote long-term tissue-specific proliferation and differentiation, thus ensuring maximum clinical benefits from this cell-based treatment strategy.
